The process of heavy asymmetric rolling (90%) and annealing, followed by light rolling (10%-25%) and annealing has been known to improve the plastic strain ratios (the R-values) of AA1050 Al alloy sheets. The thickness of 90% asymmetrically rolled sheet is so thin that it is difficult to control the light rolling reduction. In order to better control, the light rolling reduction, the heavy asymmetric rolling reduction was reduced to 60% in this study. The Al alloy sheets processed by the heavy asymmetric rolling (60%) and annealing, followed by light rolling (10%-25%) and annealing were subjected to the texture measurement. The R-values of the sheets were calculated from the measured sheet textures using the Bunge method. AA1050 Al alloy sheets processed by the 60% heavy asymmetric rolling and annealing
for 1 h at 400°C, followed by 15% light rolling and annealing for 1 h at 400°C1 Introduction Lankford et al. (1950) defined the plastic strain ratio (the R-value) as the true plastic strain ratio of width to thickness in a sheet under uniaxial tension. It is known that the R-value is related to the limiting drawing ratio (LDR) in deep drawing (Whiteley, 1960; Wilson and Butler, 1962; Atkinson, 1964; Lloyd, 1962) . The LDR increases with the R-value (Whiteley, 1960; Hosford and Kim, 1976; Hill, 1950 Hill, , 1979 Hosford and Caddel, 1983; Lee, 1984 . The R-value is also related to the preferred orientation (texture) of sheet metals (Lee and Oh, 1985) . It is well known that the cube texture component, {001}<100>, gives rise to low R-values, whereas the ND//<111> texture component, where ND stands for the sheet plane normal direction, yields high R-values (Lee and Oh, 1985) .
The conventional symmetric rolling and annealing process of Al alloy sheets evolves the cube texture, {001}<100>, which in turn yields low R-values. It is desirable to decrease the cube component and increase the ND//<111> component in Al alloy sheets in order to enhance the deep drawability. Shear plastic deformations such as equal channel angular pressing (Segal, 1999; Furukawa et al., 1998; Park et al., 2008) or asymmetric rolling ) develops a shear texture consisting of the {001}<110> and the ND//<111> ({111}<110> and {111}<112>) components with the intensity of the {001}<110> component being higher than that of the ND//<111> component ). The {001}<110> textured Al sheet has the average R-value as low as that of the cube textured sheet, and so the R-values of Al sheets do not increase as expected by asymmetric rolling Nam et al., 2010; Lee and Kim, 2012) . In order to increase the R-values of Al sheets, it is desirable to reduce the {001}<110> component and in turn increase the ND//<111> component.
Recently, Lee et al. (2015a) advanced a new process of heavy asymmetric rolling and annealing followed by light rolling and annealing for increasing the ND//<111> component and so increasing R-values of AA1050 Al alloy sheets. They applied the heavy asymmetric rolling by 90% and annealing, followed by light rolling by 20% and annealing. The process decreased the {001}<110> or {001}<100> component and in turn increased the ND//<111> component. In this way, the average R-value ( ) R and the planar anisotropy measured by |ΔR| of the Al alloy sheets increased and decreased, respectively (Lee et al., 2015a) . However, the 90% heavy asymmetrically rolled sheet was so thin that it was difficult to control the light rolling reduction in thickness. To solve this problem, it is necessary to increase the sheet thickness before the light rolling.
The objective of this paper is to study the texture change and in turn the R-value change in the AA1050 Al alloy sheets processed by the 60% heavy asymmetric rolling and annealing, followed by the 10%-25% light rolling and annealing. The R-values were calculated from the measured sheet textures using Bunge's method for polycrystalline metallic sheets (Bunge, 1982; Bunge and Esling, 1982) .
Since most rolled sheets show a variation of elastic and plastic properties with their textures, it is usual to allow for this planar anisotropy by R averaged over measurements taken at different angles to the rolling direction (RD) of the sheet, that is, R 45 , and R 90 being the R-values measured at angles 0°, 45°, and 90° to RD of the sheet, respectively. One of the ways that directionality shows up in deep drawing is the phenomenon of earring. Earring is the formation of a wavy edge on top of a drawn cup which necessitates extensive trimming to produce a uniform top. Usually, two, four, or six ears are formed, depending on the sheet texture. Earring can be directly correlated with the planar anisotropy, calculated by |ΔR| = |(R 0 + R 90 -2R 45 ) / 2| of sheet for four ears. In order to increase the deep drawability, it is desirable to increase R and to decrease |ΔR|.
Experimental procedure
The initial sample size of AA 1050 Al alloy sheets was 120 mm in length, 50 mm in width and 2.92 mm in thickness. This initial sample is identical to that used in the previous work (Lee et al., 2015a) . The initial Al alloy sheets were asymmetrically rolled by about 60% reduction in thickness in four passes (reduction path: 2.92 → 2.42 → 1.85 → 1.43 → 1.17 mm) on a laboratory asymmetric rolling mill. The roll diameter was 300 mm, with the upper to lower roll rotation rate ratio of 1.5. The sample was rotated through 180° about the RD axis each pass ). The Al alloy sheet rolling was performed without lubrication to increase friction between the rolls and the sample sheet. After the 60% asymmetric rolling, samples were annealed for 1 h in a salt bath at 400°C. The 60% rolled and annealed Al alloy sheets were subjected to the light rolling by 10%-25% reductions in thickness. In the light rolling, the sheets were also rotated through 180° about the RD axis each pass .
The incomplete pole figures of (111), (200), and (220) for all the samples were measured at their centre planes (s = 0) by using an X-ray goniometer. The parameter s is defined by s = 2d / t, where d is a distance from the centre plane and t is the sheet thickness. That is, the centre plane is s = 0. The complete pole figures and orientation distribution functions (ODFs) of the centre planes of the Al alloy sheets were calculated using the measured pole figure data (Bunge, 1982; Bunge and Esling, 1982) .
The plastic strain ratio (R-value), the average R-value ( ) R and the planar anisotropy (|ΔR|) were calculated by orthorhombic symmetry from the pole figure and ODF data (Bunge, 1982; Bunge and Esling, 1982) .
Results and discussion
Figures 1 and 2 show the (111) pole figures and ODFs for the samples, respectively. The sample names and their fabrication details are given in Table 1 . The texture of the initial sample (a) is approximated by {001}<100>, as shown in Figure 1 (a) and Figure 2(a) , which are the same as those which are obtained in the previous work (Lee et al., 2015a) . Table 1 Al alloy samples (a) through (k) and their manufacturing details After the initial Al alloy sheet (a) is asymmetrically rolled by 60% reduction in thickness, its {001}<100> component decreases slightly and the shear texture components, {001}<110>, {111}<110>, and {111}<112>, weakly evolved, as shown in Figure 1 (b) and Figure 2 (b) . When the initial Al alloy sheet was asymmetrically rolled by 90% reduction in thickness, the {001}<110> shear texture component well developed at the centre plane (s = 0) (Lee et al., 2015a) . However, at the centre plane of the 60% asymmetrically rolled sample (b), the {001}<100> texture component remained much. It is noted that the {001}<110> component evolves well in over 60% asymmetrically rolled AA1050 Al alloy sheet. After the sample (b) is annealed for 1 h at 400°C, the densities of the {001}<100> and {001}<110> components decrease, while the ND//<111> component increases as shown in Figure 1 (k), respectively. It can be seen from the figures that the {001}<110> and ND//<111> components evolve in the Al alloy sheets that were subjected to asymmetric rolling by 60% and annealing for 1 h at 400°C, followed by rolling by 10%-25% and annealing at 400°C, and their initial {001}<001> component decreases. Especially, the ND//<111> ({111}<110>, and {111}<112>) component well developed in the samples (e) and (g), as shown in Figure 1 . It is noted that the samples (e) and (g) are rolled respectively by 10% and 15% and annealed at 400°C.
The R, , R and |ΔR| values were calculated using the textures of samples (a) through (k) by the Bunge method (Bunge, 1982; Bunge and Esling, 1982) . The calculated R, , R and |ΔR| values are given in Table 2 , and the calculated R and |ΔR| values are shown in Figures 3 and 4 , respectively. The sheet texture may vary along the thickness, but the calculated R 0 , R 45 , and R 90 values were calculated using the textures at the centre planes of the samples. Therefore, the R-values calculated using the centre plane texture may not represent the true properties of the samples. This is our study for the future. The 60% heavy asymmetric rolling and annealing for 1 h at 400°C, followed by 15% light rolling and annealing for 1 h at 400°C of AA1050 Al alloy sheets [sample (g)] shows the highest average R-value ( ). R Similar phenomena were found in the 90% heavy asymmetric rolling and annealing for 1 h at 400°C, followed by 20% light asymmetric rolling and annealing for 1 h at 400°C of AA1050 Al alloy sheets (Lee et al., 2015a) . Lee et al. (2015a) explained these phenomena using the Taylor (1938) factors of the {001}<110>, {111}<110>, and {111}<112> oriented grains under plane strain plastic compression. The Taylor factors of the {001}<110>, {111}<110>, and {111}<112> oriented fcc grains under plane strain plastic compression are √6, (5/3)√6, and 1.5√6, respectively (Lee, 2014) . By the Taylor factor definition, the {111}<110> and {111}<112> oriented grains higher resistance to deformation than neighbours having lower Taylor factors (Lee et al., 2015a; Lee, 2014) . Therefore, the {001}<110> oriented grains are likely to assume an imposed deformation, thereby the {001}<110> lower Taylor factor grains get higher deformation and have higher strain energy. Therefore, the {111}<110>, and {111}<112> oriented grains can grow at the expense of the neighbouring {001}<110> oriented grains (Lee et al., 2015a) . Such phenomena in which low Taylor factor grains have higher strain energy than high Taylor factor grains, which in turn makes high Taylor factor grains grow at the expense of neighbouring low Taylor factor grains have been observed in annealing textures of Ag Kim et al., 2011) , Cu-bearing bake hardening steel (Oh et al., 2011) , Al (Merriman et al., 2008) , nanocrystalline Cu thin films (Lee et al., 2013) , and nanocrystalline Co thin film (Lee et al., 2015b) . 
Conclusions
AA1050 Al Alloy sheets asymmetrically rolled by 60% and annealed for 1 h at 400°C were subsequently rolled by 10% to 25% and annealed for 1 h at 400°C to increase their plastic strain ratios yielded the highest average plastic strain ratio of 1.06 and the planar anisotropy |ΔR| of 0.45 at a rolling reduction of 15%. The plastic strain ratio and the planar anisotropy are about 1.86 times higher than that of the initial sample and the planar anisotropy is about a half of that of the initial sample.
